The response of sugar beet (Beta vulgaris L.) leaves to iron deficiency can be described as consisting of two phases. In the first phase, leaves may lose a large part of their chlorophyll while maintaining a roughly constant efficiency of photosystem 11 photochemistry; ratios of variable to maximum fluorescence decreased by only 6%, and photon yields of oxygen evolution decreased by 30% when chlorophyll decreased by 70%. In the second phase, when chlorophyll decreased below a threshold level, iron deficiency caused major decreases in the efficiency of photosystem 11 photochemistry and in the photon yield of oxygen evolution. These decreases in photosystem 11 photochemical efficiency were found both in plants dark-adapted for 30 minutes and in plants dark-adapted overnight, indicating that photochemical efficiency cannot be repaired in that time scale. Decreases in photosystem 11 photochemical efficiency and in the photon yield of oxygen evolution were similar when measurements were made (a) with light absorbed by carotenoids and chlorophylls and (b) with light absorbed only by chlorophylls. Leaves of irondeficient plants exhibited a room temperature fluorescence induction curve with a characteristic intermediate peak I that increases with deficiency symptoms.
Leaves from Fe-deficient plants have reduced amounts of pigments and other chloroplast membrane components per unit area when compared with control plants (24) . Previous studies have indicated that photosynthetic pigments are not uniformly decreased by Fe deficiency, xanthophylls being less affected than Chl and #-carotene (24) ; this relative enrichment in xanthophylls has been ascribed to a relative increase in lutein and in pigments within the violaxanthin cycle (also called VAZ pigments) (16) . A detailed characterization of the changes in Chl and carotenoids induced by Fe deficiency in sugar beet has been described elsewhere (16) .
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been found to decrease in some carotenoid-enriched plant materials. In etiolated plants that contain large amounts of carotenoids but not Chl, excitation energy collected by carotenoids is not transferred to newly formed Chl a (8, 12) ; in these plants, some of the carotenoids are located in the prolamellar body, away from photosynthetically active structures (22) . In Poplar leaves, Adams et al. (3) found that senescence induced decreases in the photon yield of oxygen evolution when white light was used for the measurements; however, when red light was used the photon yield of oxygen evolution remained fairly constant. This suggests that senescence induced a specific decrease in the efficiency of energy transfer from carotenoids to Chl; in these senescent leaves, a significant part of carotenoids may be located at the dense lipidic globules filled with products ofchloroplast degradation, also disconnected from photosynthetically active structures (4) .
It is unclear whether the efficiency ofphotosynthetic energy conversion is also affected in the carotenoid-enriched, Fedeficient leaves. The photon yield of CO2 fixation, measured in red light, has been shown to be unaffected by Fe deficiency in sugar beet, down to Chl contents of 10 nmol.cm-2 (23) . However, other groups have detected decreases in the ratio of variable to maximum fluorescence arising from PSII both in cyanobacteria (13, 14, 19) and in sugar beet (16) Fluorescence from PSII was detected as described in ref. 16 . In some experiments, in which red light was used for illumination, fluorescence was detected through a 6 mm band-pass filter (Schott RG 665) and a 740 nm interference filter (Ealing). Measurements Integrated reflectance, transmittance, and absorptance were calculated for the white light used in quantum yield measurements as described in "Materials and Methods." Iron deficiency increased the integrated reflectance and transmittance of the leaf tissue (Fig. 2) . Reflectance and transmittance increased from values of 8 to 10% in control leaves up to 23 and 50%, respectively, in extremely chlorotic leaves. Iron- (Fig. 2) . This contrasts with studies made on senescent Poplar leaves, which exhibited lower absorptance in red light than in white light at low Chl contents (3) . A possible cause for this discrepancy is that the relative contribution of carotenoids to integrated absorptance is much larger in senescent Poplar leaves than in Fe-deficient sugar beet leaves of similar Chl content. Leaves having 1.5 nmol Chl-cm-2 had ratios of absorptance in the blue region (due to carotenoids and Chl) to absorptance in the red region (due only to Chl) of 3.1 and 1.6 in a senescent Poplar leaf (3) and an Fe-deficient sugar beet leaf (Fig. 1) , respectively.
Photon Yield of Oxygen Evolution
The QYs of leaf disks from Fe-sufficient and Fe-deficient plants of different Chl contents are shown in Figure 3 Along with the decrease in the efficiency of PSII photochemistry, Fe-deficient plants exhibited modifications in the shape of the fluorescence induction curve (Fig. 5A) (Fig. 5C ).
In very chlorotic leaves, the Fi/F. ratio decreased to values of around 1.2. In some of these extremely chlorotic leaves, the Fi peak was the maximum fluorescence in the induction curve.
The time necessary to reach F, decreased from 40 ms for controls to less than 10 ms for extremely Fe-deficient leaves (data not shown). had Chl contents of around 1 nmol-cm-2 and Fv/Fm ratios of less than 0.1. Decreases in Fv/Fm ratios induced by Fe deficiency appeared both in overnight dark-adapted and in 30 min dark-adapted intact sugar beet leaves. The extent of the decrease was similar for both treatments at any given Chl content (Fig. 6B) .
K PSII Chi Fluorescence
The absolute levels of F0 and Fm from PSII measured at 77 K tended to increase slightly with Chl decreased from 35 to 5 nmol cm-2 (Fig. 7A) . Further decreases in Chl led to major decreases in the absolute values of Fm, whereas F0 kept increasing. The photochemical efficiency of PSII measured at 77 K (Fv/Fm) decreased little when Chl decreased from 35 to around 10 nmol-cm-2; leaves exhibiting 10 nmol Chl cm-2 had Fv/Fm ratios of around 0.75 to 0.80 (Fig. 7B) Figure 7 . A, Relative PSII fluorescence at F0 (circles) and Fm (squares) versus total Chi. B, Ratio of variable to maximum PSII fluorescence (Fv/Fm) versus total Chl. C, Relative PSI fluorescence at Fo (circles) and Fm (squares) versus total Chi. Fluorescence was measured at 77 K from PSII (excitation 620 nm short pass filter, emission at 690 nm) and from PSI (excitation 620 nm short pass filter, emission at 740 nm) in discs of sugar beet leaves affected by Fe deficiency darkadapted overnight (solid symbols) or dark-adapted 30 min after being illuminated for 2 h (open symbols).
was quite similar for both treatments at any given Chl content (Fig. 7B) .
K PSI Chl Fluorescence
The absolute levels of Fo and Fm from PSI measured at 77 K decreased when Chl decreased from 35 to 1 nmol cm-2 (Fig. 7C) . The Fv/Fm ratios decreased only when Chl decreased below 10 nmol cm2 (not shown). Control leaves exhibiting 30 nmol Chl cm-2 had Fv/Fm ratios of around 0.35, whereas the most chlorotic leaves sampled (around 1 nmol Chl * cm-2) had Fv/Fm ratios of 0.05 (not shown). DISCUSSION The effect of Fe deficiency on the photochemical efficiency of PSII and on the photon yield of 02 evolution in sugar beet can be described as consisting of two different phases. In the first phase, as Fe deficiency developed and sugar beet leaves lost Chl progressively, there was no parallel loss in the photochemical efficiency of PSII. Large decreases in Chl, down to 25% of control values, resulted in very small decreases (about 6%) in the photochemical efficiency of PSII. This finding is in agreement with previous data obtained by Terry (23) , indicating that the quantum yield of CO2 fixation was unaffected by Fe deficiency in this Chl range. The photon yield of 02 evolution, however, was more affected than the photochemical efficiency of PSII (see discussion below).
In the second phase, the decreases in PSII photochemical efficiency and in photon yields of oxygen evolution became progressively larger, to reach values of around 0.2 and 0.02, respectively, in plants that had lost over 95% of their Chl.
Decreases in the Fv/Fm and Fv/Fp ratios of fluorescence arising from PSII had been previously reported in cyanobacteria affected by Fe deficiency (13, 14, 19) and attributed to a decrease in the number of trapping centers relative to the Chl pool feeding into them (19) . Results shown here confirm and extend preliminary results obtained for sugar beet (16) . Other higher plant species (i.e. pear) grown in different environments exhibited a similar behavior (our unpublished data).
The decrease in the photochemical efficiency of PSII induced by Fe deficiency was irreversible even after a prolonged dark period. Both room temperature and 77 K fluorescencemeasured from plants preilluminated for a few hours and then dark-adapted from 30 min and from plants dark-adapted overnight (8 h)-indicate that Fv/Fm and Fv/Fp ratios were little affected by long-term dark adaptation. All these data indicate that Fe deficiency induced a permanent or irreversible decrease in the photochemical efficiency of PSII. It should be noted that phenomena studied throughout this paper deal only with those light-dark conditions prevailing in the growth chamber during normal plant growth. There is little doubt that exposure of Fe-deficient plants to light intensities several times higher than the light used for growing the plants would result in other effects, including dark-reversible quenching of Fv/Fm, occurring long after the 30 min dark adaptation period used in our experiments; such effects, which may suggest that Fe-deficient plants are susceptible to photoinhibition, have been demonstrated in other studies (25) . In our system, we did not detect any changes in Fv/Fm (or Fv/Fp) ratios occurring after the 30 min dark adaptation period. Fluorescence quenching mechanisms occurring in a shorter time scale will be dealt with in a separate report.
Our data also show that the light-induced full displacement of the xanthophyll cycle toward de-epoxidation that occurs in Fe-deficient plants (16) found with blue-green actinic light. Furthermore, decreases in the photon yields of oxygen evolution measured in white and in red light were also found to be similar. These data indicate that the loss of PSII photochemical efficiency did not arise specifically from a loss of energy transfer from carotenoids to Chl induced by Fe deficiency, but rather from a decreased photochemical efficiency of the whole of PSII pigment pool.
Chl fluorescence induction curves from Fe-deficient plants exhibited a characteristic shape, the fluorescence at point I approaching that at P in strongly deficient leaves. The F. to Fi rise has been previously attributed to PSII units with a reduced antenna size (PSII, centers) (15) , and more recently to PSII units lacking the ability to reduce QB (non-QB reducing PSII) (9, 10, 17 The photon yield of oxygen evolution appears to be more sensitive than the photochemical efficiency of PSII in Fedeficient plants; this contrasts with data obtained from healthy plants subjected to high-light stress, in which a close correlation between QY and photochemical efficiency of PSII has often been found (6, 11, 18) . The response of QY and photochemical efficiency of PSII to Fe stress is similar to responses induced by water stress (5),S02 fumigation (1) , and cold stress (2, 7), which have been suggested to arise from an impaired electron transport beyond the PSII-reaction center complex (2) . This response is unlikely to be related to a specific effect of Fe deficiency on the oxygen-evolving system, because PSII fluorescence was affected to similar extents at room temperature and 77 K. In summary, we have shown that Fe-deficient plants exhibit marked decreases in the photochemical efficiency of PSII and in the photon yield of oxygen evolution below a threshold Chl level. Decreases in the photochemical efficiency of PSII appear to be irreversible even after prolonged darkness. Decreases in the Fv/Fp ratios and in the photon yield of oxygen evolution appear also when actinic red light, specifically absorbed by Chl, was used for illumination. This indicates that decreases in the photochemical efficiency of PSII did not arise specifically from a poor efficiency of energy transfer from carotenoids to Chl, and suggests that the whole PSII was affected in Fe-deficient plants. We have also shown that Fedeficient plants exhibit a characteristic increase of the I point in the room temperature fluorescence induction curve. The possibility that the increase in the Fo to Fi rise and the decreases in photochemical efficiency may have a common origin deserves further investigation.
